ABSTRACT Cyanobacteria associated with Anopheles albimanus Wiedemann larval habitats from southern Chiapas, Mexico, were isolated and identiÞed from water samples and larval midguts using selective medium BG-11. Larval breeding sites were classiÞed according to their hydrology and dominant vegetation. Cyanobacteria isolated in water samples were recorded and analyzed according to hydrological and vegetation habitat breeding types, and mosquito larval abundance. In total, 19 cyanobacteria species were isolated from water samples. Overall, the most frequently isolated cyanobacterial taxa were Phormidium sp., Oscillatoria sp., Aphanocapsa cf. littoralis, Lyngbya lutea, P. animalis, and Anabaena cf. spiroides. Cyanobacteria were especially abundant in estuaries, irrigation canals, river margins and mangrove lagoons, and more cyanobacteria were isolated from Brachiaria mutica, Ceratophyllum demersum, and Hymenachne amplexicaulis habitats. Cyanobacteria were found in habitats with low to high An. albimanus larval abundance, but Aphanocapsa cf. littoralis was associated with habitats of low larval abundance. No correlation was found between water chemistry parameters and the presence of cyanobacteria, however, water temperature (29.2Ð29.4ЊC) and phosphate concentration (79.8 Ð136.5 ppb) were associated with medium and high mosquito larvae abundance. In An. albimanus larval midguts, only six species of cyanobacteria were isolated, the majority being from the most abundant cyanobacteria in water samples.
Anopheles albimanus Wiedemann is a primary malaria vector in the lowlands of Mexico and Central America (Rodrṍguez and Loyola 1989) . In the coastal plain of southern Chiapas, Mexico, an area of recurrent malaria transmission, populations of An. albimanus persist year-round and are abundant (Bown et al. 1991 , Arredondo-Jimé nez et al. 1993 , Villarreal et al. 1995 .
Anopheles albimanus larval development is completed in a variety of sun-exposed water collections with aquatic vegetation, especially emergent or submersed plant growth forms (Breeland 1972 (Breeland , 1974 Arredondo-Jimé nez 1990; Savage et al. 1990; Rejmankova et al. 1991 Rejmankova et al. , 1992 Rodrṍguez et al. 1993) . Mosquito larval habitat availability and production vary seasonally. During the wet season, most breeding takes place in ephemerally ßooded land depressions, whereas during the dry season river margins, irrigation canals, and estuaries are the principal habitats. The ability of An. albimanus to successfully develop in most water collections is attributed to their tolerance to wide ßuctuations in water chemistry and to their capacity to exploit diverse food sources.
The chemical control of this mosquito species at the larval stage has been discouraged, except under malaria epidemic conditions, using relatively nontoxic temephos. This organophosphate, however, is not used in estuaries because of potential toxic side effects on nontarget organisms, including commercially important Þsheries in estuaries (e.g., shrimp) (Brown et al. 1996) . Bio-rational control tactics using mosquitocidal bacteria have been explored experimentally (Salinas-Andrade 1987 , Ló pez 1989 , Arredondo-Jimé -nez et al. 1990 ), but their high production costs (Russell et al. 1989 ) prevent their widespread use. In this context, the development of alternative bio-rational compounds as a part of an integrated pest management strategy is highly desirable.
Recent advances in molecular biotechnology have made it possible to produce transgenic organisms ex-pressing desirable characteristics by introducing foreign genes into their genomes (Federici 1995) . In mosquito larval control, efforts have been made to genetically modify natural food sources to express mosquitocidal bacterial toxins as an alternative biorational control tactics (Porter 1996) . Candidate food sources are preferentially those that are a normal part of the larval diet and that are easy to engineer. Cyanobacteria are among the most feasible candidates for this purpose because they have relatively simple genomes (Thiery et al. 1991 , Sangthongpitag et al. 1996 , Xiaoqiang et al. 1997 . These are photoautotrophic organisms with high growth rates, are abundant and distributed widely in most anopheline larval mosquito habitats (Walker and Merritt 1993) . Also, cyanobacteria are abundant and diverse in all types of fresh and brackish water larval habitats, with Þlamentous and nonÞlamentous species occurring profusely (Laird 1988 ).
The aims of this study were to isolate and identify cyanobacteria inhabiting An. albimanus larval habitats on the coastal plain of southern Chiapas, Mexico, and to estimate their relative availability in various habitats in relation to mosquito larval abundance and water quality.
Materials and Methods
Study Area. The study was carried out in a portion of the coastal plain of southern Chiapas, Mexico (14Њ 43Õ Ϫ14Њ 52Õ N and 92Њ 26Õ Ϫ92Њ 33Õ W), at altitudes of 0 Ð20 m above sea level (Fig. 1) . Weather in the area is hot subhumid Kö ppenÕs Aw 2 (Garcṍa 1973) , with a wet season embracing April/MayÐOctober/November. Average annual rainfall is 220 cm (range, 100 Ð500 cm), mean temperature is 26.2ЊC with 61Ð100% RH.
Next to the ocean, the plain is composed of a complex estuary system of coastal lagoons and seasonally ßooded ßat lowlands formed by streams that seldom reach the sea. Vegetation along the coastal plain is stratiÞed with narrow but extensive mangrove swamps next to the coastal lagoons, followed by a band of deciduous coastal forest, palm forest, and semievergreen seasonal forest (Miranda 1952 , Breedlove 1981 (Fig. 1) .
Each site was sampled every 2 wk, from May 1994 Ð April 1995. Due to the seasonality of rainfall some sites were only available until June or July, and many dried out with the onset of the dry season (late 1994). Anopheles albimanus larvae were sampled using a standard 850-ml dipper oval in shape with a ßat inner edge to facilitate the skimming of the surface water (Arredondo-Jimé nez 1990).
The number of dips taken ranged from 5 to 30 according to mosquito larval abundance: if the number of larvae captured in the Þrst Þve dips averaged 0 Ð2 larvae per dip, then 30 dips were taken, if 2Ð5 larvae per dip, 20 dips were taken; if 5Ð20 larvae per dip, 15 dips were taken; if 20 Ð50 larvae per dip, 10 dips were taken; and if Ͼ50 larvae per dip, Þve dips were taken (Vázquez-Martṍnez 1991) . Larval abundance was expressed as number of larvae per dip. The larval samples collected at each station were transported to the laboratory. Water depth and temperature were recorded in situ, and water samples were taken before larval sampling by dipping 0.5-liter sterile plastic bottles directly on surface water associated with vegetation types, for laboratory assessments of pH, conductivity, dissolved organic matter (Janik and Byron 1987) , phosphates (ascorbic acid reduction method, Strickland and Parsons 1972) , nitrates (hydrazine method, Strickland and Parsons 1972) , and culture of cyanobacteria (see below).
Culture and Identification of Cyanobacteria. The most common cyanobacteria (presence or absence in each larval habitat sample) were assessed by analyzing water and mosquito gut contents samples.
Water Samples. Samples were stored in the dark for 24 h at room temperature, then 10 ml of each sample were added to 40 ml of liquid BG-11 medium (agar 10 g, NaCl 10 g, NaNO3 1.5 g, MgSO4.7 H2O) to enrich cyanobacterial populations (Thiery et al. 1991) . From the enriched liquid BG-11, 15 ml of each water sample were inoculated into BG-11 medium solidiÞed with 1% Bacto-Agar (Becton-Dickinson, Mexico, D. F.) (Rippka et al. 1979) . Liquid and solid cultures were exposed to a ßuorescent light for 7 d. Cyanobacterial growth was examined daily and positive cultures were puriÞed by serial dilutions in both BG-11 solid and liquid media. Cyanobacteria were identiÞed using standard keys (Desikachary 1959 , Prescott 1970 , Anagnostidis and Komarek 1985 , Knutson and Sterk 1996 .
Larval Midgut Samples. Pools of 10 fourth-instar An. albimanus midguts were used for each sample at each larval habitat. Larval midguts were dissected according to standard protocols (World Health Organization 1975) and placed into vials with 1.5 ml of 0.85% NaCl. Samples were washed 6 ϫ with deionized sterile water and centrifuged at 2,000 ϫ g for 2 min. Pellets were inoculated into plates with BG-11 medium. Cultures were further processed as described above.
Data Analysis. Analysis of variance (ANOVA) of arcsine (p) one-half transformed data were performed to evaluate the association between cyanobacteria presence and mosquito abundance. ANOVA tests were conducted to investigate associations between physical and chemical parameters and cyanobacteria presence or mosquito abundance (Zar 1999) .
Results
Identification of Cyanobacteria Associated with An. albimanus. From a total of 224 water samples taken in larval habitats, 165 cyanobacterial positive cultures were obtained, of which 19 cyanobacterial taxa were isolated. Six species of cyanobacteria were isolated from 91 midgut samples (Table 1) . Of these, Phormidium sp. was present in 52.7% of all isolates from water samples, followed by Oscillatoria sp. and Aphanocapsa cf. littoralis (8.48%), Lyngbya lutea (7.14%), P. animalis (5.80%), and Anabaena cf. spiroides (4.46%). The six species found in the An. albimanus larval gut contents were dominated by Phormidium sp. (50.55%), Aphanocapsa cf. littoralis (19.78%), and Spirulina sp. (10.99%).
Cyanobacteria were isolated in six of the seven hydrological sites sampled, the exceptions being marshes. Irrigation canals, estuaries, and mangrove lagoons supported the greatest variety of cyanobacteria (Table 2) . Overall, 63 and 19% of samples from irrigation canals were positive for Phormidium sp. and Aphanocapsa cf. littoralis, respectively. Phormidium sp. and P. animalis also were present in 70% and 15% of samples from estuaries. In mangrove lagoons, Phormidium sp. was present in 80% of all samples, Aphanocapsa cf. littoralis in 28% and Lyngbya lutea in 20%.
According to vegetation-deÞned larval habitats, cyanobacterial isolations were obtained most fre-quently from B. mutica (56 isolates, with Phormidium sp. and A. cf. littoralis in 71 and 13% of samples, respectively), followed by C. demersum (23 isolates, with Phormidium sp., A. cf. littoralis, and L. lutea in 83, 26, and 22% of samples, respectively) and H. amplexicaulis (20 isolates, with Phormidium sp., P. animalis, and Oscillatoria sp. in 60, 30, and 20% of samples, respectively) ( Table 3) .
Availability of Cyanobacteria and Mosquito Abundance. Mosquito abundance was categorized as follows: high (5.11Ð7.63 larvae/dip), medium (2.54 Ð5.10 larvae/dip), low (0.03Ð2.53 larvae/dip); and null (Table 4).
Cyanobacteria were present in breeding sites having all mosquito abundance categories (Table 5 ). The most frequently isolated cyanobacterial species (Phormidium sp., Oscillatoria sp., A. cf. littoralis, L. lutea, P. animalis, and A. cf. spiroides) were found in all breeding site productivity categories, whereas other species were restricted to high (Chroococcus sp., Lyngbya sp. and O. tenerrima), medium (Aphanothece sp., Gloeocapsa sp. and S. geittleri) and low (L. circumcreta and O. formosa) mosquito producing habitats. Phormidium sp. and A. cf. spiroides were also found in habitats without larvae (Table 5) .
ANOVA of arcsine (p)one-half-transformed frequencies in larval habitats of the most abundantly represented cyanobacteria as related to mosquito abundance (excluding null production habitats) revealed no differences in Phormidium sp. (F ϭ 1.04; df ϭ 3, 159; P Ͼ 0.05), Oscillatoria sp. (F ϭ 0.64; df ϭ 3, 159; P Ͼ 0.05), L. lutea (F ϭ 1.79; df ϭ 3, 159; P Ͼ 0.05), P. animalis (F ϭ 1.94; df ϭ 3, 158; P Ͼ 0.05) and A. cf. spiroides (F ϭ 2.63; df ϭ 3, 159; P Ͼ 0.05), except for A. cf. littoralis (F ϭ 3.93; df ϭ 3, 158; P ϭ 0.0097) that was positively associated with low producing breeding sites. 
Physical-Chemical Parameters Associated with Mosquito Abundance and the Presence of Cyanobacteria in Vegetation-Defined Larval Habitats.
The analysis of physical and chemical parameters in relation to the presence of the most frequently observed cyanobacterial species only revealed signiÞcant association of Oscillatoria sp. (F ϭ 3.7884; df ϭ 2, 114; P ϭ 0.0255) and A. cf. littoralis (F ϭ 4.9937; df ϭ 2, 114; P ϭ 0.0083) to brackish waters (values between 800 Ð 8,000 Mhos; Cowardin et al. 1979) (Table 6 ). In contrast, conductivity levels were not related with the presence/absence of mosquito larvae (Table 7) . Temperature levels in all hydrological conditions ranged between 25.1Ð 42ЊC, and high to medium levels of An. albimanus abundance were signiÞcantly associated to mean water temperatures of 29.2Ð29.4ЊC (F ϭ 3.36; df ϭ 3, 215; P ϭ 0.0197), whereas higher or lower temperatures resulted in little or no mosquito breeding. Similarly, ranges of 79.8 Ð136.5 ppb of phosphate (PO 4 ) resulted in high and medium levels of mosquito abundance (F ϭ 3.92, df ϭ 6,187 P ϭ 0.001), while higher or lower phosphate values were associated to low or null mosquito breeding (Table 7) . Other physical-chemical parameters (water depth, pH, NO 3 , and DOM), were not related with An. albimanus abundance or the presence of cyanobacteria.
Discussion
We report here the presence of 19 species of cyanobacteria colonizing various water collection types in southern Chiapas, Mexico, the majority of which were An. albimanus breeding sites. Of these, eight cyanobacteria species were identiÞed at the species level, four were given confere (cf.) names, and seven could only be identify to the genus level. A possible limitation for these results was that of at least 60 cyanobacteria speciÞc culture media, only BG-11 was used, and it may have not been appropriate for certain cyanobacteria isolations. (For a list of 60 medium recipes for cyanobacteria, see http://www-cyanosite. bio.purdue.edu/media/table/media.html. In addition, the isotonic solution (0.85% NaCl) used to handle excised mosquito guts before their culture, could have affected certain cyanobacteria isolations. However, this situation was unavoidable because it was necessary to maintain the integrity of dissected mosquito tissues before cultivation. Cyanobacteria was isolated from most water samples analyzed, and the vast majority also had mosquito larvae. This Þnding indicates that the presence of cyanobacteria did not inhibit the presence of mosquito larvae, and vice versa, and that mosquito feeding upon cyanobacteria, if it did exist, did not negatively impact the presence or abundance of mosquitoes.
Cyanobacteria were more prevalent in permanent water habitats that persisted year round, such as irrigation canals, estuaries and mangrove lagoons, particularly B. mutica, C. demersum and H. amplexicaulis habitats. The most abundant cyanobacteria, and consequently with more potential to be used as food items by An. albimanus larvae, were: Phormidium sp., Oscillatoria sp., A. cf. littoralis, L. lutea, P. animalis, and A. cf. spiroides. Water quality in most An. albimanus larval habitats also favored the presence of cyanobacteria. Salinity levels seemed to have no effect on mosquito larval abundance, but in brackish waters, the cyanobacteria A. cf. littoralis was associated with low abundance of An. albimanus, a species that tolerates high salinity levels (Hurlbut 1943) . Certain ranges of water temperature and dissolved phosphate (PO 4 ) were also optimal for An. albimanus breeding, but did not affect cyanobacterial growth. Other studies have also reported the association between phosphates and optimum An. albimanus larval production (Savage et al. 1990 , Rejmankova et al. 1991 .
Because all cyanobacteria grow on or near the water surface, the area where anopheline mosquito larvae orientate and preferentially feed (Walker and Merritt 1993) , they are potential larval mosquito food sources. Because mosquito larvae feed on whatever particle Þts in their mouth (Ali 1990 , Wallace and Merritt 1980 , Thiery et al. 1991 , cyanobacterial cells, that are well within their range of food size, may constitute an important part of their natural diet. It is expected that the more abundant food particles are ingested by mosquito larvae at higher rates than those that are less abundant (Khawaled et al. 1989 ). In the current study, only six species of cyanobacteria were isolated from An. albimanus larval midguts. Of these, the most abundant in mosquito stomachs, Phormidium sp. and Aphanocapsa cf. littoralis, were also abundant in water samples, supporting previous Þndings that mosquito larvae ingest food items at a rate directly proportional to their abundance in the medium (Khawaled et al. 1989) . However, other abundant cyanobacterial species (e.g., Lyngbya lutea and Phormidium animalis) could had been also ingested, but could not be isolated from larval gut contents because they were already partially or totally digested, or destroyed by the treatment with the isotonic saline solution. However, the isolation of viable cyanobacteria in mosquito midguts could result from their resistance to digestion (Marten 1986) . A comprehensive description of the cyanobacterial species present in An. albimanus larval habitats in the region and the possible trophic association between cyanobacteria and mosquitoes had not been carried out until now. In the only study that addressed the relationships between cyanobacteria and mosquito larvae (Rejmankova et al. 1996) , a close association was found between cyanobacterial mats and An. albimanus larval populations in Belize. These authors speculated that cues for such relationship could be the release of high concentrations of CO 2 by the algal mats and associated bacteria that attract gravid females to oviposit.
Because some species of cyanobacteria were found in similar proportions in water samples as well as in mosquito gut samples, they could be considered as indigestible by An. albimanus. In contrast, Phormidium animalis was collected in water samples, but could not be found in gut samples, indicating perhaps that they were being digested by mosquito larvae. Both observations were later conÞrmed with axenic cultures (unpublished data). Diet on P. animalis was sufÞcient to support full larval An. albimanus growth from Þrst instar to pupation in 70% of assayed individuals. Therefore, P. animalis would be a good candidate to be genetically altered to over express mosquitocidal toxins, because if a proven food source of anophelines.
